Knowledge of the origin and evolution of gene families is critical to our understanding of the evolution of protein function. To gain a detailed understanding of the evolution of the small heat shock proteins (sHSPs) in plants, we have examined the evolutionary history of the chloroplast (CP)-localized sHSPs. Previously, these nuclear-encoded CP proteins had been identified only from angiosperms. This study reveals the presence of the CP sHSPs in a moss, Funaria hygrometrica. Two clones for CP sHSPs were isolated from a F. hygrometrica heat shock cDNA library that represent two distinct CP sHSP genes. Our analysis of the CP sHSPs reveals unexpected evolutionary relationships and patterns of sequence conservation. Phylogenetic analysis of the CP sHSPs with other plant CP sHSPs and eukaryotic, archaeal, and bacterial sHSPs shows that the CP sHSPs are not closely related to the cyanobacterial sHSPs. Thus, they most likely evolved via gene duplication from a nuclear-encoded cytosolic sHSP and not via gene transfer from the CP endosymbiont. Previous sequence analysis had shown that all angiosperm CP sHSPs possess a methionine-rich region in the N-terminal domain. The primary sequence of this region is not highly conserved in the F. hygrometrica CP sHSPs. This lack of sequence conservation indicates that sometime in land plant evolution, after the divergence of mosses from the common ancestor of angiosperms but before the monocot-dicot divergence, there was a change in the selective constraints acting on the CP sHSPs.
T
o understand the evolution of protein function, it is important to know both the history of a protein family and the patterns of sequence evolution of that family. This information can provide an understanding of when the family originated, how its members are related to other proteins, the extent to which functional constraints are acting on the protein family, and whether these constraints have been consistent across taxa and over long periods of time. Although progress is being made in the study of the evolution of protein function in animals, our understanding of the evolution of protein function in plants has been limited by a number of factors. First, although the vast majority of plant proteins are nuclear-encoded, most plant molecular evolutionary studies have focused on chloroplast (CP)-encoded proteins (1) . Furthermore, much of what is known about the evolution of plant nuclear-encoded proteins is limited to events of the last 150 million years because of the paucity of sequence data from non-angiosperm lineages. Clearly, additional studies of nuclear-encoded proteins are needed for a fuller understanding of plant protein evolution.
One very important aspect of the history of a protein family is the timing of origin of members within the family (2) . The origin of nuclear-encoded organelle-localized proteins has been the subject of recent study (3) (4) (5) , and two models of nuclearencoded organelle-localized protein evolution have been proposed. In the first model, the well established ''gene transfer'' (or functional specificity) model (6) , organelle genes are transferred from the endosymbiont genome to the nuclear genome. Because the products of the transferred gene are required for the organelle function, the transferred gene is maintained in the nuclear genome and acquires a transit sequence for proper trafficking of the protein back into the organelle. This model is well supported by numerous examples of nuclear-encoded CP protein genes that are closely related to genes of cyanobacterial proteins (for examples, see refs. [7] [8] [9] . In the second model, ''functional redundancy,'' the organelle and nuclear proteins were functionally equivalent or redundant in the early eukaryote (4) . Therefore, it is not necessary to retain the endosymbiont protein. Furthermore, it may not matter which form (nuclear or organelle) is used in the cytosol or sent into the organelles. Recent evidence suggests that the functional redundancy model accurately describes the evolution of at least some organellelocalized proteins (3, 4) . However, it is difficult to make definitive statements about the origin and evolution of many plant organelle-localized proteins because of both a lack of data and a lack of detailed analysis of available data. Most studies of the origin of plant organelle proteins have examined sequences from only one major plant lineage, angiosperms. More importantly, many of these studies did not include any cyanobacterial sequences, which are critical to evaluation of hypotheses concerning the origin of nuclear-encoded CP proteins. A full understanding of the evolution of protein function in plants requires more detailed studies of nuclear-encoded proteins in a diversity of plant lineages.
Our studies of the small heat shock proteins (sHSPs) in plants focus on protein evolution with the goals of elucidating the history and patterns of sHSP evolution and uncovering the general patterns of protein family evolution (10, 11) . The sHSPs are a diverse group of proteins found in archaea, bacteria, and eukaryotes and include the vertebrate lens ␣-crystallin proteins. All of these proteins share an Ϸ100-aa C-terminal ''heat shock'' domain (12, 13) . The sHSPs form homooligomers both in vivo and in vitro (14) (15) (16) (17) (18) and facilitate the folding and reactivation of misfolded or denatured proteins (14, 16, 19) . It is interesting that although most organisms have just one to a few cytosolically localized sHSPs, plants have many diverse sHSPs. There are at least five families of nuclear-encoded plant sHSPs, and they make up a major portion of the protein produced during high-temperature stress in plants (20) . The plant sHSP families are clearly distinguishable from one another based on sequence analysis, and different sHSPs localize to different parts of the cell (10, 21) . Two of the plant sHSP families are cytosolically localized (I and II), one is localized to the CPs, another to the mitochondria (MT), and the fifth localizes to the endoplasmic reticulum (ER).
There are many unanswered questions concerning the origin of the plant sHSP families and the nature of the selective forces acting on them. For instance, it has previously been suggested that the CP sHSPs may not have originated via gene transfer to the nucleus from the cyanobacterial endosymbiont, but rather from the duplication of the nuclear-encoded cytosolic sHSPs This paper was submitted directly (Track II) to the PNAS office.
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Data Deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. AF197941 and AF197942). (10, 22) . However, this hypothesis has not been explicitly tested. If the CP sHSPs did evolve from the cytosolic sHSPs, then at some point in plant evolution, there must have been differential selection for structure and͞or function among the sHSP families, because the angiosperm sHSP families are clearly distinct and display very different patterns and rates of sequence evolution (10) . The angiosperm CP sHSPs possess a highly conserved methionine-rich region in the N-terminal domain that is not found in any other plant or nonplant sHSP. This region has a methionine content of at least 20% and is predicted to form an amphipathic ␣-helix (23) . The origin, evolutionary history, and functional significance of this region are unknown, but it clearly illustrates the differing selective constraints acting on the plant sHSP families.
To address questions concerning the evolution of the sHSPs, we have chosen to study the sHSPs of Funaria hygrometrica, a moss. Mosses are one of the most basal land plant lineages, and fossil evidence suggests that moss divergence occurred at least 400-450 million years ago (24, 25) . Land plants are monophyletic (24, 26) ; thus, mosses share a common ancestor with angiosperms. Inclusion of mosses in evolutionary studies can provide needed depth for understanding protein evolution in plants. To define the origin of the CP sHSPs and the selective forces acting on these proteins, we have examined the relationship of the F. hygrometrica sHSPs to angiosperm homologs, the relationship of the plant CP sHSPs to cyanobacterial sHSPs, and the patterns of sequence evolution among CP sHSPs.
The analyses suggest that the CP sHSPs most likely evolved through gene duplication from a nuclear-encoded cytosolic sHSP and not by gene transfer from the endosymbiont. In addition, whereas the methionine-rich region seen in angiosperm CP sHSPs is not conserved at the primary sequence level in F. hygrometrica, the ␣-helical structure conserved among the angiosperm CP sHSPs is present in the F. hygrometrica CP sHSPs. These changing patterns of sequence evolution may reflect shifts during land plant evolution in the selective constraints acting on the CP sHSPs and the functions of the CP sHSPs. The data suggest that the CP sHSPs fit neither the functional redundancy nor the functional specificity models of organelle protein evolution. Thus, there may be considerable diversity in the origin and evolution of organelle-localized proteins.
Materials and Methods
F. hygrometrica chloronema cells were grown in culture and used to construct a heat shock cDNA library. The details of the library construction and screening process have been published (11) . After putative sHSP cDNA phage clones were identified, they were in vivo excised to yield pBluescript plasmids (Stratagene). The expression patterns and length of the transcripts of heatinduced clones were analyzed with Northern blots (see ref. 11). Plasmid DNA was purified and sequenced by using an ABI 377 DNA sequencer at the University of Arizona DNA Sequencing Facility. All clones were sequenced completely in both directions. One clone, HSP B, was a partial clone, and a 5Ј rapid amplification of cDNA ends (RACE) (27) system (GIBCO͞ BRL) was used to obtain the complete cDNA sequence of this gene. Poly(A) RNA used in the RACE procedure was identical to that used to construct the cDNA library.
The DNA sequences of the HSP clones were compared with known sequences in the gene databases by using BLAST (28) . Further analysis of the sequences was performed by using GCG (Genetics Computer Group) Version 9.1. Pairwise estimates of sequence similarity and identity were performed by using the program GAP with the Blossum62 matrix. The alignment was constructed by using CLUSTALX (29) with a gap penalty of 20 and a gap extension penalty of 0.25 and was further refined by hand. For the entire CP sHSP-coding region, secondary-structure predictions and probabilities were obtained by using the PREDICT PROTEIN program (30) (31) (32) . Helical wheel (GCG Version 9.1) was used to generate secondary-structure predictions of the ␣-helical region identified with the PREDICT PROTEIN program.
Phylogenetic analysis was restricted to an examination of the sHSP C-terminal domain comprising 100 aa. The N-terminal domain of the sHSPs is highly variable and cannot be meaningfully aligned across kingdoms. Sequences of the C-terminal domains of 78 sHSPs were aligned by using the methods described above. The length of this region varies among the sHSPs from 100 to over 125 aa. The insertion of gaps in the alignment results in a matrix of 130 characters. The alignment is available as supplementary material on the PNAS web site (www.pnas. org). Phylogenetic analysis was performed by using both distance and parsimony methods. The distance analyses were conduced by using PHYLIP Version 3.572 (33) . Amino acid distance matrices were calculated with PROTDIST using the PAM distance matrix. Trees were generated by neighbor-joining in the program NJ. Parsimony analysis of the amino acid alignment was conducted by using PAUPSTAR Version 4.0d64 (D. Swofford, personal communication) In the parsimony analysis, searches were conducted with the heuristic algorithm with 500 random addition replicates with TBR (tree-bisection-rearrangements). Alternative topologies were evaluated in MACCLADE Version 3.04 (34) . Support for the branches in the distance and parsimony trees was assessed by using bootstrap analysis. For each of the two methods of analysis used, 500 bootstrap replicates, with the same search parameters used in each type of sequence analysis, were performed. The results of the distance and parsimony analyses were congruent. Because sequences from bacteria, archaea, and eukaryotes were used in the analysis, the choice of an outgroup was problematic. The analysis was performed with (both archaea and bacteria) and without outgroups. The placement of the plant sHSP sequences within the trees did not change with different methods of analysis. Bacterial sequences were used to root the tree presented here because most current analyses indicate a closer relationship between archaea and eukaryotes (35) .
Results
Isolation of Two Heat-Induced cDNAs Encoding CP sHSPs. Heatinduced cDNA clones having inserts of Ͻ1,500 bp were identified and considered good candidates for sHSP cDNAs. Two clones of over 400 sequenced (11) were found to share significant sequence similarity to angiosperm CP sHSPs (Fig. 1) . Northern blot analysis (data not shown) confirmed that the two clones presented here encode heat-induced mRNAs that are not detected in control F. hygrometrica mRNA. Similar expression patterns were reported for F. hygrometrica cytosolic sHSPs clones isolated from the same heat-shock cDNA library (11) . One clone, HSP 22, encodes a complete 244-aa ORF for a 27.6-kDa protein (AF197942). The second cDNA clone, HSP 21, represented a partial coding region, and RACE was used to obtain the sequence of the complete transcript (AF197941). This second gene contains a reading frame of 230 aa for a 25.9-kDa protein. Pairwise comparisons indicate that the two genes represent distinct CP HSPs; in the coding regions, the DNA sequences are Ϸ56% identical, whereas the deduced amino acid sequences are 61% similar and 52% identical. (18) . This glutamine residue is conserved in all known CP sHSPs, and it was suggested (18) that this is the site of the transit peptide cleavage for all CP sHSPs. All subsequent analysis of the CP sHSPs was conducted with the transit sequences removed.
The two mature F. hygrometrica CP sHSPs share 72% similarity and 61% identity. In pairwise comparisons of the F. hygrometrica CP sHSPs with both monocot (Triticum aestivum and Zea mays) and dicot (Arabidopsis thaliana and P. sativum), CP sHSPs amino acid identity was Ͼ42% and similarity was Ͼ55%. The highest identity and similarity was between HSP 21 and A. thaliana HSP 21, at 49.4% and 66.0%, respectively. Most of the residues conserved among the angiosperm CP sHSPs are also conserved in the F. hygrometrica CP sHSPs (see consensus alignment in Fig. 1 ). Consensus regions I and II are conserved among all plant sHSPs (10, 20) , and region I is conserved among bacterial and eukaryotic sHSPs and among vertebrate lens ␣-crystallin proteins (12, 13) . In the alignment of the angiosperm and F. hygrometrica CP sHSPs, the same 12 of 26 residues conserved among angiosperm CP sHSPs in region I are conserved among the angiosperm and F. hygrometrica CP sHSPs (Fig. 1) . A similar pattern is seen in region II, where 14 of 25 residues are conserved among the angiosperm CP sHSPs and 11 residues are conserved among the angiosperm CP sHSPs and HSP 22 and HSP 21. A full alignment of Ͼ70 sHSPs is provided in the supplementary material at www.pnas.org.
The pattern of sequence conservation in consensus region III, the methionine-rich region, in the N-terminal domain is quite different from that seen in the C-terminal domain. When only angiosperm CP sHSPs are compared, 22 of 26 residues in this region are conserved. However, when the F. hygrometrica CP sHSPs are compared with angiosperm CP sHSPs, only 10 of 26 residues are conserved (Fig. 1) . Only one of the four methionine residues conserved among the angiosperm CP sHSPs is present in the F. hygrometrica CP sHSPs (Fig. 1) . Despite the limited sequence conservation in this region, there is obvious conservation of secondary structure. Secondary-structure predictions (30) (31) (32) for this region in the F. hygrometrica CP sHSPs reveals, with high probability (9 on a scale of 1-9 with 9 as the highest possible probability), the presence of the amphipathic helix seen in the angiosperm CP sHSPs (Fig. 2) .
HSP 22 and HSP 21 Are Members of the CP sHSP Family and Are Closely
Related to Other Plant sHSP Families. Phylogenetic analysis was carried out to determine the relationship of the F. hygrometrica CP sHSPs to the angiosperm CP sHSPs, and the relationship of the plant sHSP families to the sHSPs from other organisms (nonplant). The sequences used in this study included all of the known plant organelle sHSPs (CP, MT, and ER), representatives of the plant cytosolic I and II sHSP families, archaeal, bacterial, fungal, and animal sHSPs, as well as some vertebrate lens ␣-crystallin proteins. This analysis of the sHSPs includes sHSPs from the cyanobacteria Synechocystis sp. and Synechococcus vulcanus.
It is clear from the phylogenetic analysis that the two F. hygrometrica CP sHSPs are members of the previously identified higher plant CP sHSP family (Fig. 3) . HSP 22 and HSP 21 are found in a basal position relative to the angiosperm CP sHSPs, most likely reflecting the orthologous (organismal) relationships of the CP sHSPs. The F. hygrometrica CP sHSPs are obviously paralogs of the cytosolic F. hygrometrica sHSPs and are not closely related to the cyanobacterial sHSPs. In addition, our analysis shows that the sHSP from Rikettsia prowazekii, the bacterium thought to be most closely related to the ancestor of mitochondria (36) , is not closely related to the seed-plant MT sHSPs. Although the bootstrap values for some of the branches are not high, the topology of the tree is robust to different methods of analysis, with the neighbor-joining and parsimony trees having nearly identical topologies. In both methods of analysis, the cytosolic plant sHSPs are more closely related to the plant organelle sHSPs than they are to cytosolic sHSPs from other eukaryotes. The large evolutionary distances and the rapid rate of evolution of the sHSPs are most likely responsible for the low bootstrap values for some of the branches. Previous analysis demonstrated that selective constraint is higher on the secondary structure than on the primary sequence of the sHSPs (12) . Many positions in the alignment are not conserved, but the amino acid replacements are conservative in relation to the charge and size of the amino acids. It is also important to note that the topology of the tree is in general agreement with known organismal relationships.
Placement of the CP sHSPs and the two cyanobacterial sHSPs in the phylogenetic tree shown in Fig. 3 indicates that the CP sHSPs are more closely related to cytosolic sHSPs than to cyanobacterial sHSPs. To examine the support for these relationships in more detail, we determined the cost (in numbers of additional steps) of moving the CP sHSP branch to the bacterial clade by using the program MACCLADE. Moving either just the CP sHSPs or both the CP sHSPs and the MT sHSPs resulted in a gain of over 30 steps on the shortest tree. In conclusion, the CP sHSPs are not closely related to the cyanobacterial sHSP. The distant relationship of F. hygrometrica CP sHSPs to bacterial sHSPs is also seen in multiple-alignment and pairwise sequence comparisons of plant sHSPs with the sHSP from Synechocystis. There is only a low level of sequence conservation between Synechocystis HSP 16.6 and the land plant CP-sHSPs (Fig. 1) . Pairwise sequence identity of the two F. hygrometrica CP sHSPs with Synechocystis HSP 16.6 is Ͻ23%, which is lower than the sequence identity these sequences share with other bacterial sHSPs. For instance, the F. hygrometrica sHSPs (HSP 21 and 22) share 27% and 26% sequence identity with the sHSP from Aquifex aeolicus and 29% and 30% sequence identity with HSP 16.6 from Methanococcus jannaschii. Limited conservation in regions I and II and the complete absence of the ␣-helical region (region III) in the cyanobacterial proteins also indicates the lack of a close relationship between the F. hygrometrica CP sHSPs and the cyanobacterial sHSPs.
Discussion
The CP sHSPs Are Not Closely Related to the Cyanobacterial sHSPs.
Neither the gene-transfer (functional specificity) nor the functional-redundancy models adequately describe the evolution of the CP sHSPs. From our analysis, it is clear that the CP sHSP genes in land plants did not originate from the CP endosymbiont. The phylogenetic analysis also shows that the endosymbiont sHSPs have neither replaced nor were redundant with nuclear sHSPs in any eukaryotic lineage. That the endosymbiont (bacterial) sHSPs were not retained in eukaryotes indicates that these sHSPs were not easily exchangeable with the nuclear sHSPs. This result also suggests that the endosymbiont sHSPs were no longer required within the early eukaryotic cell.
The diversification of the sHSPs into organelle-localized forms appears to have occurred only within the plant lineage. The timing of this diversification must have preceded the divergence of the mosses, but the exact time is unknown. The finding that the plant MT sHSPs are not closely related to the sHSP from R. prowazekii suggests the MT sHSPs, like the CP sHSPs, evolved within the plant lineage. Further evidence supporting this conclusion comes from a thorough analysis of the complete genomes of Saccharomyces cerevisiae and Caenorhabditis elegans that failed to uncover MT and ER sHSPs in these eukaryotes (E.R.W., unpublished data). The position of HSP 22, the only known algal sHSP from the chlorophyte Chlamydomonas reinhardtii, in the phylogenetic tree suggests that the diversification of the sHSPs occurred after the divergence of the most common ancestor of C. reinhardtii and F. hygrometrica but before the divergence of the common ancestor of mosses and seed plants. More thorough sampling from algal and bryophyte lineages will be necessary before we can determine the timing of the origin of the plant sHSP families.
Relationship of Protein Function to the Timing of Organelle Protein
Evolution. The results of this study indicate that one cannot necessarily predict the timing of organelle-protein evolution based on the functions of the protein families under study. The contrasting evolutionary histories of the sHSP and HSP70 families, both of which are molecular chaperones, illustrate this point. The phylogenetic relationships within the HSP70 family reflect the gene-transfer model of organelle evolution. The genes for the MT and CP HSP70s are more closely related to bacterial HSP70s than to eukaryotic cytosolic HSP70s, indicating that they were transferred from the endosymbionts to the nucleus (7) . In comparing these two families of proteins, it is important to note that although the sHSPs, like the large HSPs, have been shown to have molecular chaperone properties, there are crucial differences between these families. These differences are important in interpreting their evolutionary histories. Although many HSP70s are heat-induced and are an important part of the heat shock response, HSP70s are also present in nonstressed cells (37) and are essential for normal cellular function. The expression patterns of the sHSPs are very different. In plants, sHSPs are heat-induced and in some cases developmentally regulated, but they are not known to be significant components of most nonstressed cells (20, 37) . As a result, the selection pressures acting on the HSP70s and the sHSPs are quite different. The retention in the nuclear genomes of the organelle HSP70s most likely reflects the important role in protein folding that these proteins have under normal cellular conditions (37) (38) (39) (40) . The lack of a need for sHSPs under normal cellular conditions may have rendered the endosymbiont sHSPs unnecessary. There may have been no selective advantage in early eukaryotes for the transfer of the organelle sHSPs to the nucleus, a gain of a transit sequence, and the energy-costly import of sHSPs into the organelles. Later selection pressures, unique to the plant lineage, must have driven the diversification of the sHSPs leading not only to the CP sHSPs, but also to the MT, ER, and the two cytosolic plant sHSP families.
Evidence for a Shift in the Selective Constraints Acting on the CP sHSPs. Analysis of sequence evolution across time and taxa can provide insight into the stability or variability of evolutionary constraints acting on proteins. Whereas the sHSP C-terminal domain exhibits consistent patterns of sequence evolution across great evolutionary distances, the N-terminal domain has a much more variable pattern of evolution. The C-terminal domain is important in the ability of sHSPs to form large oligomers (the native in vivo unit of the sHSPs) and in the ability of sHSPs to interact with misfolded substrates (14, 19) . Secondary-structure predictions of the C-terminal domain from widely divergent sHSPs are very similar, even though the primary sequences are not highly conserved (12) . The recently reported crystal structure of the C-terminal domain of HSP16.6 from M. jannaschii (41) is in agreement with the earlier predicted secondary structures for many sHSPs and confirms that this region is essential to oligomer structure. Thus, there is a consistent pattern of constraint on the structure of this domain from bacteria and archaea to eukaryotes. In contrast, the sHSP N-terminal domain displays a more complex pattern of sequence evolution. It evolves quickly and thus cannot be reliably aligned across kingdoms. In addition, much less is known about the possible structure-function relationships of this domain. The N-terminal domain was disordered in the M. jannaschii HSP 16.6 crystals (41), the only sHSP for which a crystal structure is known. There is also no pattern of conserved secondary structure (based on structure-prediction methods) for this domain across diverse sHSPs. This observation suggests that there is considerable variation in the selective constraints acting on the C-and N-terminal domains.
Although, even among plant sHSPs, the N-terminal domain is quite variable across protein families (CP, MT, ER, and cytosolic I and II), individual plant sHSP families have specific conserved regions within this domain (10) . The methionine-rich region unique to the CP sHSPs is the most striking example of conserved N-terminal regions, and among the angiosperms, this domain is even more conserved than regions I and II in the C terminus (10, 23) . There is a surprising lack of conservation of the methionine-rich region in the F. hygrometrica CP sHSPs, the first available sequences in a non-flowering plant lineage. If the lack of primary sequence conservation of the methionine-rich region were primarily due to the large evolutionary distances encompassed within these comparisons (angiosperms to F. hygrometrica, Ϸ400-450 million years), we might expect to see a similar decrease in sequence conservation in the C-terminal consensus regions I and II. However, approximately the same number of residues are conserved in the C-terminal domain among angiosperm CP sHSPs as are conserved between angiosperm and F. hygrometrica and CP sHSPs (Fig. 1) . In contrast, whereas 22 of 26 residues are conserved in the N-terminal region among angiosperms, when the F. hygrometrica CP sHSPs are added to the comparisons, only 10 of 26 residues are conserved. The differences in conservation between the C-terminal and N-terminal domains is then not due to changes in substitution rate across the entire length of the protein, but to specific changes in substitution rate in the CP N-terminal region. Therefore, we can conclude that sometime in land-plant evolution, after the divergence of mosses but before the monocot-dicot split, there was a shift in the constraints acting on the CP sHSPs, resulting in conservation of methionine residues in this region among angiosperms.
Conservation of the ␣-helix in the F. hygrometrica CP sHSP N-terminal domains is intriguing because of its implications for the evolution of CP sHSP function. Secondary structure can be critical for protein function. The role of the methionine residues and the ␣-helix in the CP sHSPs is not known, but it has previously been hypothesized that this region is important in substrate recognition (23) . It has recently been suggested that the CP sHSPs may protect plants from oxidative stress, as well as heat stress, and that the methionine residues, which are easily oxidized, play an important role in this protection (42) . Differences in primary-and secondary-structure conservation in the N-terminal domain could reflect functional differences between F. hygrometrica and angiosperm CP sHSPs. It is possible that angiosperm CP sHSPs have a more restricted function or a different substrate specificity than F. hygrometrica CP sHSPs. Thus, in angiosperms, an additional selection pressure is maintaining the methionine residues. Further study is needed to establish the functional significance of the methionine-rich region for the angiosperm CP sHSPs and functional differences among the CP sHSPs from angiosperms and other plant lineages. In addition, representatives of other land-plant and algal lineages should be examined to determine the time of origin of the CP sHSPs.
The biochemical evolution of CPs is not limited to the transfer of genes of bacterial origin to the nucleus but also includes gene duplication and the acquisition of CP function for nuclearencoded cytosolic proteins. More recently acquired organelle proteins are also not necessarily just organelle forms of cytosolic proteins. The patterns of sequence evolution of the sHSPs indicates that there are unique selective forces acting on the CP sHSPs and that these forces have evolved within the land plant lineage. This result suggests that plant gene families that are highly conserved in angiosperms are shared with other plant lineages and may have evolved through intermediate forms.
Additional studies of the evolution of plant gene families will be necessary to determine whether the patterns of evolution seen in the sHSPs reflect broader evolutionary processes.
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